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When Tetrahymena thermophila ribosomal RNA is tran-
scribed it contains an intron (a sequence not present in the
mature RNA). In 1981, Tom Cech and his colleagues [1]
showed that the intron excises itself, doing so via a two-
step trans-esterification reaction in the presence of a
guanosine nucleotide and in the absence of any protein
cofactors. This class of self-splicing intron is distributed
widely in nature and members are now known as group I
introns [2]. The discovery of group I self-splicing introns
and other catalytic RNAs marked a paradigm shift in
biology: previously it had been believed that protein was
the only biological catalyst. Subsequently, considerable
progress has been made towards an understanding of the
structure and catalytic mechanism of these group I introns
but ultimate understanding of the reaction will require
knowledge of their three-dimensional structure.
Towards this aim, Tom Cech recruited and supported a
group of young scientists: Doudna et al. [3] managed to
crystallize a separable domain of the Tetrahymena group I
intron. Doudna moved to Yale University two years ago
and started her own group, but the continuing collabora-
tion between the Yale and Boulder groups recently led to
the elucidation of the crystal structure for this domain [4].
This achievement is a large step towards understanding
the folding of large RNAs.
It is now generally accepted that the primary structure of
a protein contains all the information necessary for its
three-dimensional structure. For many proteins, it has
been demonstrated experimentally that unfolded protein
can fold into a functional native form in vitro. Secondary
structure elements such as a helices and b sheets form
through hydrogen bonding between the main-chain
atoms (amide and carbonyl groups). RNAs found in the
cell are single chain molecules and, like protein, many of
them are believed to fold into a well defined three-
dimensional structure.
RNA structure can be understood hierarchically, from
primary to tertiary structures, analogous to that of protein.
The secondary structure of RNA forms through side-chain
hydrogen bonds (canonical Watson-Crick, G⋅U and U⋅U
wobble base pairs) between short stretches of RNA. The
secondary structure of an RNA can be predicted using
these base-pairing rules. If an alignment of a large number
of related RNA sequences is available such a prediction
becomes much more reliable as compensating mutations
maintain the secondary structure when sequences diverge.
Covariation analysis of group I intron sequences has
allowed a prediction of their shared secondary structure
[5,6]. This secondary structure is now generally accepted
as it is consistent with a large number of group I intron
sequences subsequently discovered [7].
Although we may be far from predicting the structure of
proteins from their primary sequences, we largely under-
stand the principles of protein folding. An important
driving force of folding is to keep hydrophobic residues
on the inside and polar residues on the outside of the
molecule. The same principle cannot apply to the same
degree to the tertiary folding of highly charged large
RNAs. A stable RNA structure forms in the presence of
divalent metal ions and high ionic strength, both of
which minimize the electrostatic repulsion between
phosphate groups. What kind of tertiary interactions
promote further folding of the secondary structure of
RNA into a stable tertiary structure that is capable of per-
forming well-defined chemical reactions? Our under-
standing of the tertiary interactions of RNA is relatively
poor as few structures of RNAs exist that are large
enough to show them. For 20 years this understanding
was almost entirely based on the tRNA structure, previ-
ously the largest nucleic acid for which a structure had
been determined [8,9]. The tertiary structure of tRNA
does not resemble the clover leaf secondary structure, it
folds into a compact L-shaped molecule through triple
base pair formation and coaxial stacking of helices. The
structure of the hammerhead ribozyme, solved more
recently, is also stabilized by co-axial helix stacking, a
number of non-Watson-Crick base pairs and triple base
pairing [10,11].
If bases that are at a distance from each other in the sec-
ondary structure form base pairs of any kind then the iden-
tity of these bases is likely to be conserved or replaced by
structurally equivalent base pairs [12]. Using this idea,
bases forming tertiary interactions can be predicted [7] and
experimentally verified by introducing single and then
compensatory double mutations (summarized in [13]). The
structural integrity of mutant RNAs can be assayed by
determining the Mg2+ concentration dependency of cat-
alytic activity and by using hydroxyl radical footprinting
[14,15]. A number of tertiary interactions within the group
I intron have been identified and, using these distance
constraints, Michel and Westhof [7] proposed a tertiary
structure of the group I intron. This is analogous to solving
NMR structures using NOE constraints. Michel and
1130 Structure 1996, Vol 4 No 10
Figure 1
Schematic representation of the secondary structure of the group I
intron. (a) The structure of the P4–P6 helix based on the crystal
structure, showing two important tertiary interactions (red). (b) The
secondary structure representation of this class of intron as
proposed by Cech et al. [13]. (The figure was reproduced with
permission from [4].)
Westhof predicted that the conserved catalytic core of a
group I intron consists of two domains, each forming coaxi-
ally stacked helices, P4–P6 and P3–P9 (Fig. 1). Chemical
protection experiments showed that the region designated
P4–P6 forms a compact domain in isolation [16] and, when
added to the rest of the molecule in trans, rescues catalytic
activity [17]. Therefore, the P4–P6 region was chosen as a
stable structure suitable for crystallization. The secondary
structure of this domain shows that it forms a long dou-
blestranded helical region interrupted by many internal
loops and bulges that would introduce bending and irreg-
ularity into the helix. Cate et al. [4] synthesised the P4–P6
domain, consisting of 160 nucleotides, by in vitro transcrip-
tion using T7 bacteriophage RNA polymerase and deter-
mined its crystal structure to 2.8 Å resolution. The
structure shows that the helix is bent severely and the two
halves of the helix pack side-by-side to form a stable
domain. This structure is stabilized mainly through two
tertiary interactions. One end of the helix forms a GAAA
tetraloop, a commonly occurring, extremely stable struc-
ture found in ribosomal and other RNAs [12,18,19]. The
GAAA tetraloop, forming a structure identical to that in
isolation (as determined by NMR [20]) is locked into what
the authors call a tetraloop receptor, a helical region in the
adjacent helix with a double-adenosine bulge. The two
adjacent adenosines in the bulge form a pseudo-basepair
(adenosine platform) [21], which is wedged between two
adjacent base pairs (U247⋅G227 and A248⋅U224) [4]. The
three adenosines in the GAAA tetraloop stack onto the
adenosine platform and form an extensive hydrogen-bond
network including two triple-base interactions. Two other
adenosine platforms are involved in intermolecular con-
tacts within the crystal [21].
The second important tertiary interaction involves an
A-rich bulge located within the P5a helix. In this region,
one of the strands has five more nucleotides than the
other and loops out from the helix. The phosphate back-
bone of this bulge forms a sharp turn which is stabilized
by two magnesium ions linking the backbone phosphate
oxygens. The bases are splayed out and form a structure
that the authors call the adenosine-rich corkscrew. A
similar interaction between Mg2+ ions and backbone
phosphates was considered as a possible DNA structure
by Pauling as well as Watson and Crick before the DNA
double helix was proposed [22]. The bases of the adeno-
sine-rich corkscrew form an intricate hydrogen-bonding
network bridging the minor groove of the P4 helix and
the P5a, P5b, P5c three-helix junction. The two helical
parts of the molecule that are locked together by the
A-rich bulge and tetraloop show very tight packing stabi-
lized by many hydrated magnesium ions.
The linkage between the GAAA tetraloop and the
tetraloop receptor in Tetrahymena group I intron was indi-
cated by Fe(II)-EDTA protection experiments [16]. Costa
and Michel [23] discovered the eleven nucleotide RNA
motif CCUAAG...UAUGG which frequently occurs
together with the GAAA tetraloop in group I introns and
other large RNAs. They demonstrated the interactions of
these motifs experimentally in a few cases and proposed
that these interactions may be commonly used to fold a
large RNA. Covariation analysis and biochemical studies
have also allowed secondary structure predictions of other
large RNAs. These include 16S rRNA, 23S rRNA, a group
II self-splicing intron and the RNA subunit of RNase P.
The tertiary interactions observed in the crystal structure
of the P4–P6 domain will be important in understanding
the three-dimensional fold of these other large RNAs. Are
there parallels to be drawn between these tertiary interac-
tions within one large RNA and specific interactions
between RNA and protein? The major groove of A-form
RNA is too deep and narrow to function as a site of tertiary
interaction or protein binding. In contrast, the minor
groove is shallow and wide and in the P4 helix is used as a
site for a tertiary interaction with the A-rich bulge. Cate
et al. [21] found that the adenosine platform opens the
minor groove and facilitates base stacking or base pairing
that mediates tertiary interactions. Bases are more exposed
in internal loops, hairpin loops and bulges and they provide
ideal sites for base specific RNA–protein [24] as well as
RNA–RNA interactions.
The RNA subunit of E. coli RNase P is active only at
high Mg2+ and salt concentration as this minimizes the
electrostatic repulsion of the highly charged phosphate
backbone and stabilizes the RNA tertiary structure [25].
The protein subunit of RNase P reduces the require-
ment of high ionic strength and Mg2+ by stabilizing the
tertiary structure. In eukaryotic RNase P, the protein
subunit is essential for its activity [26]. Some group I
introns are also known to be activated by proteins
[27,28]. Francis Crick, in considering the origin of the
ribosome, proposed that a primitive ribosome may have
been made entirely of RNA [29]. This idea was forgotten
for a long time, until the discovery of RNA enzymes. It is
now becoming increasingly compelling that protein-
depleted 23S ribosomal RNA shows peptidyl transferase
activity under certain conditions [30]. All these experi-
mental results indicate that at least some of the tertiary
interactions in RNA enzymes have been gradually sup-
plemented and then replaced by protein-mediated inter-
actions. However, hairpin loops, bulges and internal
loops have remained sites of either direct RNA–RNA or
protein-mediated interactions.
The crystal structure of the P4–P6 helix represents a large
step forward in understanding the tertiary fold of RNA.
Furthermore, this achievement will undoubtedly inspire
many crystallographers and the crystallization of even
larger RNA and RNA–protein complexes should be
achieved in the near future.
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